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EFFECTS OF PROCESSING CONDITIONS ON NUTRITIONAL QUALITY AND 
GLUCOSINOLATE CONCENTRATION OF IN VITRO INCUBATIONS OF 
SEVERAL OILSEED MEALS 
ADOLF N. O. SACKEY 
2015 
Studies were conducted to evaluate nutritional characteristics of three oilseed 
meals. Camelina and carinata meals were either cold-pressed or hexane-extracted and 
manufactured by 6 different processing conditions within extraction method. Flaxseed 
meals were either cold-pressed or solvent extracted and their processing condition 
unknown. Results are intended to provide helpful information for both processors 
producing meals and producers desiring to use these meals in livestock diets.  
The first set of studies was designed to determine a modification to the Tilley and 
Terry in vitro procedure that would generate adequate material for multiple analyses on 
residue of oilseed meals without compromising IVDMD. The modified procedure was 
then used to evaluate OM, CP and fat disappearance of camelina, carinata and flaxseed 
meals during a 48-h incubation.  
Cold-pressed and hexane extracted camelina and carinata meals from a single 
processing condition were selected together with the flaxseed meals for further in vitro 
analysis of DM and CP disappearance, glucosinolate concentrations and VFA production, 
and in situ degradation kinetics of DM and CP portions. 
xv 
 
During the 48 h incubation, differences in OM and crude fat disappearance due to 
oilseed (P < 0.01), extraction method (P < 0.01), and an oilseed by extraction method 
interaction (P < 0.01) were observed. No difference (P = 0.2) in the CP disappearance 
due to extraction method or oilseed by extraction method interaction was observed. 
During the 96 h incubation, hexane extracted meals (45.3%) had a greater (P= 
0.03) portion of DM that was potentially degradable in the rumen than cold-pressed 
meals (39.3%). Results from both 48-h and 96 h incubations generally suggest that CP in 
carinata meals is more ruminally available than either camelina or flaxseed.  
With the exception of Gluconapin (GNA), we observed no significant effect (P > 
0.05) of extraction method on glucosinolate concentration of carinata meals. 
Additionally, extraction method had no effect on glucosinolate concentrations in the 
supernatant of either cold-pressed or solvent extracted camelina meal. 
Flaxseed meals produced the greatest concentration of propionate (12.3 mM) with 
camelina meals producing the greatest amount of valerate (1.2 mM; P = 0.01) during the 
96 h incubation period. 




Due to growing interest in renewable fuels and reducing dependence on foreign 
oil sources, oilseed crops have become an essential part of European and North American 
bio-fuel production, leaving behind a variety of by-products after oil extraction. In the 
United States, corn is large biofuel feedstock, but more recently, there has also been 
rising interest in oilseed crops such as Camelina sativa (L.) Crantz and Brassica carinata 
A. Braun as potential input for sustainable bio-fuel production along with various oil 
extraction methods to maximize their total oil output. In addition to the usefulness of the 
seeds as biodiesel feedstock, byproducts generated from the oil extraction may have 
potential to serve as feed to ruminants, thereby creating the need to carefully evaluate 
their nutritional qualities.  
Camelina sativa, a native of Europe and the Central Asian area, is an oilseed crop 
that belongs to the Brassicaceae family. It is commonly known as false flax or gold of 
pleasure and has reduced agronomic input requirements that makes it well suited for 
marginal soils. Its seeds can possess up to 40% oil and oil extraction leaves behind a meal 
that can contain about 35% crude protein (Pekel et al. 2009) and up to 20% oil (Hurtaud 
and Peyraud, 2007) depending on the oil extraction method used. Studies conducted by 
the US Navy and US Air force show potential to use camelina-based jet fuel, as it can 
reduce net carbon emissions by 80%. Moreover, its potential usefulness as part of 
livestock feed, cooking oil and soap production contribute to its potential usefulness. 
Brassica carinata, also belonging to the Brassicaceae family, is a leafy plant 
originating from Ethiopia. It is commonly known as Ethiopian mustard, African cabbage 
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or Ethiopian kale. Seeds of B. carinata reportedly contain about 24.7% to 35.5% oil 
(Warwick et al., 2006), with oil profiles that makes it suitable for use as a source of 
biofuel. In 2012, the world’s first flight of an aircraft powered entirely from biofuel 
produced from B carinata, was completed without any engine modifications. B. carinata 
is also heat, drought, pest and disease tolerant, making it well suited for semi-arid 
conditions (Teklewold and Becher, 2006) with less agronomic input needed to flourish.  
Even though biofuel appears to be the ultimate market for these oilseed crops, 
potential for use in other areas also exists. For example, the remaining by-products of 
both C. sativa and B. carinata seeds after the oil has been extracted are considered to be 
generally low in fiber (10-11%) and can have considerable amounts of residual oil and 
protein(30-45% DM) suitable for use as livestock feed. Given the recent rise in prices of 
traditional feed resources and occasional drought that has faced the livestock industry, it 
is little wonder that there is growing interest to use by-products of oil extraction of these 
oilseeds as part of livestock rations. Nevertheless, seed meals of these oilseeds have their 
own limitations. Compared with flaxseed meal, for example, carinata and camelina meals 
are high in anti-nutritional factors such as glucosinolates, sinapine and condensed 
tannins. Glucosinolates are secondary plant metabolites that can interfere with the normal 
functioning of the thyroid gland (Lardy and Kerley, 1994). This sulfur-containing 
compound can also affect liver function or hinder thyroid hormone production through 
the breakdown activities of thiocyanate, isothiocyanate, oxazolidinethione (goitrin) and 
nitriles, and is one of the factors limiting the amount of camelina or carinata meal that 
can be fed to livestock. 
3 
Increasing the utility of these byproducts of oil extraction can facilitate greater 
economic returns if significant improvement in the quality of the seed meal can be 
achieved. It has been hypothesized that oil extraction method could impact the quality of 
the byproducts but little work has been done on C. savitiva or B carinata oilseed meals. 
Oil extraction in the U.S. oilseed processing industry is predominately achieved by cold 
pressing or by solvent extraction. Hexane is the most common solvent used in solvent 
extraction and is used in conjunction with some form of mechanical extraction to remove 
the oil from the seeds. Under this method, seeds are crushed into thin flakes and then 
percolated with hexane to extract the oil. Solvent extraction is capable of removing 95% 
to 99.5% of the oil contained in the seed. There is also a wide range of temperatures and 
processing duration within which seeds can be subjected to under solvent extraction. In 
cold pressing, however, the oil is simply extracted by mechanical press and can be used 
without the need for any further processing. Cold pressing is capable of recovering 60-
80% of oil contained in the seed.  
Newkirk and Classen (2002) have suggested that processing conditions may affect 
residual oil content and anti-nutritional factors of by-products of oilseeds such as canola, 
but there is little work on the effect of processing conditions on C. savitiva or B. carinata 
meals. Besides, how these processing conditions affect rates of nutrient disappearance 
from C. savitiva and B. carinata seed meal is also largely unknown.   
The objectives of this thesis were, therefore,  to: 1) review the literature related to 
camelina and carinata oilseed processing; 2) study the effects of cold pressed and solvent 
extraction processing conditions on the in vitro nutrient disappearance of the meals; 3) 
4 
evaluate effects of processing conditions on glucosinolate concentration and VFA 
production during in vitro fermentation of meals. 
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Brassicaceae (Mustard Family) 
The mustard or Brassicaceae family (formerly known as Cruciferae), is a large 
family of plants with over 3,700 species in about 330 genera (Warwick et al., 2006). 
Brassicaceae have been used as a source of oil, vegetables and as forage and fodder for 
livestock for many generations (Warwick et al., 2009). Some of the species belonging to 
this family include cauliflower, cabbage, camelina, turnips, and canola. There are also 
many ornamental members and over 120 weeds. Brassicaceae can be found worldwide 
but are in greatest abundance around the Mediterranean and in southwestern and central 
Asia (Hedge, 1976; Holm et al., 1997; Warwick et al., 2009; Al-Shehbaz et al., 2006). A 
high number of the members are tolerant to salts and heavy metals (Megdiche et al. 2007; 
Przedpelska and Wierzbicka, 2007; Rascioa and Navari-Izzo, 2011) and well adapted to 
different types of climatic conditions and nutritionally poor soils. The Brassicaceae 
family has recently attracted renewed interest due to the need for exploration of alternate 
oilseeds for biodiesel, their minimal input requirements, high level of omega-3 fatty 
acids, and relative resistance to disease and pests compared to alternate sources such as 
corn and soybean. 
Camelina sativa 
Camelina sativa or false flax, German sesame, gold of pleasure or Siberian 
oilseed is an oilseed crop originating from the Mediterranean regions of Europe and Asia. 
Camelina sativa belongs to the family Brassicaceae (Al-Shehbaz, 1987; Frohlich and 
Rice, 2005), and genus Camelina Crantz (USDA, NRCS, 2010). The genus has 10 
members, with camelina the only member currently being cultivated (Hutcheon et al., 
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2010). It reproduces by means of seed (Francis and Warwick, 2009) and is currently 
being actively pursued as a potential industrial oilseed crop in many countries around the 
world. 
Camelina sativa is a short season herbaceous annual or winter annual, with 
branched smooth or hairy stems, capable of reaching heights of 30 and 90 cm (McVay 
and Lamb, 2008; Francis and Warwick, 2009) when matured. In its natural habitat, it was 
cultivated for its seeds, which are crushed and boiled to release oil for culinary, medicinal 
or lighting purposes (Porcher, 1863; Francis and Warwick, 2009; Fleenor, 2011). Recent 
interest in this oilseed crop was renewed due to its omega-3 fatty acid content, potential 
for  use as biofuel feedstock (Lebedevas et al., 2010), and use of byproducts as feed or 
supplements for livestock (Habeanu et al., 2011; Moriel et al., 2011). Currently, Montana 
is the leading producer in the US (Obuor et al., 2015). Camelina has a wide range of 
adaptability and is capable of growing in crop rotation with other annual and biannual 
crops. Seed oil content of camelina varies with genotype and ranges from 29 up to 41% 
(Shukla et al., 2002; Zubr and Matthaus, 2002; Budin et al., 1995; Vollmann et al., 2007; 
Urbaniak et al., 2008a, b; Ag-West Bio Inc., 2012). Camelina is currently registered as 
commercial food oil in many countries, however, the Federal Drug Administration (FDA) 
has not approved camelina for human consumption in the US.  Camelina’s unique oil 
profile and properties are similar to biodiesel prepared from soybean oil, thereby making 
it suitable for use as feedstock for bio-diesel (Moser, 2010).  
Camelina meal is a byproduct resulting from oil extraction of camelina seeds. The 
meal can contain about 12.0% fiber, 5.8% minerals, 33.9% crude protein with a 
metabolizable energy content of 3328 kcal/kg when its oil is solvent extracted (Batal and 
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Dale, 2010). Cold-pressed camelina meal can contain about 35 to 40% crude protein, 6 to 
12% fat and 41% neutral detergent fiber (Cherian, 2012). The gross energy in cold-
pressed meals is about 4600–4800 kcal/kg. Camelina meal also contains glucosinolates, 
sinapine, condensed tannins, phytic acid and inositol phosphates, which are currently 
affecting how much camelina meal can be fed to livestock. In 2009, the U.S. Food and 
Drug Administration approved its use at up to a 10% inclusion rate of total diet for 
feedlot cattle and broiler chickens and no more than 2 percent of the diet of growing 
swine (USDA-MT, 2009). In January 2015, The Canadian Food Inspection Agency 
(CFIA) approved its inclusion rate for broiler chickens at up 12% (Roberts, 2015) 
Studies have been conducted to evaluate the acceptability of camelina meal and 
its potential to replace other traditional feed resources in various livestock enterprises. 
Feeding camelina meal to beef heifers for 59 or 78 d before breeding was found to have 
no adverse effect on pregnancy rate and weight gained compared to distiller’s dried 
grains with solubles (Grings et al., 2015). Researchers in Wyoming, feeding beef heifers 
camelina meal at 0.33% of average body weight along with bromegrass hay for 60-d 
before breeding, also observed greater pregnancy rates to timed AI than heifers for fed 
either soybean-corn or a soybean-corn plus glycerin supplement (Moriel et al., 2011). 
Pregnancy rate did not differ among treatments, however, suggesting camelina meal had 
no adverse effect on pregnancy rates and could prove beneficial.  
In Romania, the presence of polyphenols in plasma has been found to increase in 
cows fed a camelina meal-enriched diet. Polyphenols play an important protective role in 
the lipoperoxidation process (Gobert et al., 2009). Hurtaud and Peyraud (2007) concluded 
that feeding camelina meal can contribute to significant changes in milk fat composition 
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and yield and butter spreadability but tended to decrease dry matter intake. Cappellozza 
et al., (2012) also observed a decrease in dry matter intake in steers receiving camelina 
but the acute-phase protein reaction associated with neuroendocrine stress responses 
induced when steers are under stress was reduced, which could be beneficial in steer 
transport. 
Lefter et al. (2013) investigating the effect of replacing sunflower meal with α -
linolenic acid-rich camelina meal on pig performance, observed improved carcass quality 
in pigs fed camelina meal. In other studies, its inclusion also resulted in a modulation of 
several mediators of the cellular immune response in the spleen as well as an 
improvement in the blood biochemistry profile of swine (Taranu et al., 2014).  
Feeding camelina meal to broilers has been found to increase the omega-3 content 
in eggs (Cherian et al., 2009) and chicken meat (Aziza et al., 2010). The egg yolk content 
of α-linolenic acid and total n-3 polyunsaturated fatty acids were found to be higher in 
birds fed 10% camelina meal compared to those fed a basal diet of corn and soybean or 
with 10% flax seed meal inclusion (Aziza et al., 2013). In their experiment, Thacker and 
Widyaratne (2012) observed significantly greater levels of polyunsaturated fatty acids 
and a reduced growth and feed conversion ratio of broilers fed camelina meal than those 
fed canola meal. Similarly, Pekel et al., (2009) observed reduced body weight in broilers 
fed 10% camelina meal during the first 3 weeks of life. 
Brassica carinata 
Another oilseed crop currently being evaluated for use as bio-fuel in jet engines is 
Brassica carinata. It is commonly known as Ethiopian mustard and was developed as a 
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natural cross between B. nigra and B. oleracea in East Africa (Tsunoda, 1980; Gomez-
Campo and Prakash, 1999; Rakow and Getinet, 1998). Brassica carinata has a relatively 
large seed size compared to other Brassica species (Getinet et al., 1997) The plant is 
highly heat and drought tolerant (Schreiner et al., 2009), has a wide range of adaptability 
and has been cultivated in Europe (Mazzoncini et al., 1993; Velasco et al., 1999), Asia 
(Lekh et al., 1998) and North America (Rakow and Getinet, 1998). Ethiopian mustard has 
good seed yield (2.5–3.6 t ha
-1
) and is highly tolerant to pests, diseases (Bayeh and Gebre 
Medhin, 1992; Gugel et al., 1990) and drought (Monti et al., 2009). 
 There is still little commercial production of B. carinata, but its potential to be 
used as biofuel in jet engines has been widely acknowledged ever since the Falcon20 
completed a full flight powered entirely from 100 % unblended bio-fuel from B. carinata 
oilseed (Fougeres,  2012). In addition to its potential to be used as a source of biofuel, oil 
from B. carinata can be used for lubricants and waxes, plasticizers, detergents and 
cosmetics (Cardone et al., 2003; Taylor et al., 2010; Warwick et al., 2006).  
Seeds of B. carinata are naturally high in glucosinolates and erucic acid but low 
glucosinolate cultivars have been developed, increasing the potential to use the meal as 
animal feed (Getinet et al., 1997). In addition to this, in reducing the glucosinolate 
content, the level of 2-propenyl glucosinolate was successfully lowered, diminishing the 
bitter taste associated with the meal (Getinet et al., 1996b; Getinet et al., 1997).  
Oil content of the seed can range between 37–51% (Getinet et al., 1996a; Mosca, 
1998; Ripley et al., 2006), depending on the cultivar and growing conditions. Seed oil is 
high in unsaturated fatty acid, with a negative correlation between erucic and eicosenoic 
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acids and linoleic acids. The meal that remains after oil extraction is protein rich (30-
45%) (Nigussie, 1999). Additionally, defatted meal of B. carinata is high in protein with 
a well-balanced amino acid profile increasing its suitability as animal feed. A bioactive 
peptide sequence with lipid and cholesterol-lowering properties has also been identified 
in carinata (Pedroche et al., 2007), which could be beneficial in controlling high blood 
pressure in humans.  
Linum usitatissimum 
Linum usitatissimum, also known as common flax or linseed, is a food and fiber 
crop originating from Europe and the Near East, but does not belong to Brassicaceae 
family like the two aforementioned oilseed crops. Linseed belongs to the family 
Linaceae, and genus Linum with approximately 200 species contained in the genus 
(Muravenko et al., 2010). Morphologically, there are 2 types of Linum usitatissimum: the 
linseed type and the flax type. The former is a short plant grown for its seeds for oil 
extraction and the latter grown for fiber extracted from its stem (Gill, 1987). When 
matured, these cultivars can grow up to 60 to 80 cm and 80 to 120 cm, respectively.  
Typically, the linseed-type plant produces seeds that contain between 42 to 46% 
fat, 28% dietary fiber, 21% protein and 4% ash (Newkirk, 2015). Similar to camelina and 
carinata, the nutritional composition of the meal (Table 1) after oil extraction can vary 
based on the variety, the oil extraction method and method of analysis used. Due to the 




Table. 1. Typical chemical composition of flaxseed meals 
Parameter Seed Expeller meal Solvent Meal  
DM 93 91 88 
Crude Protein (% of DM) 22 31.5 33 
Ether extract (% of DM) 40.5 5.1 0.5 
Ash (% of DM) - 6 6 
Gross Energy (kcal/kg) 6530 4500 - 
Adapted from Newkirk (2015). 
Arambel and Coon (1981) have described linseed meal as an excellent source of 
protein, useful as a supplement in dairy cattle rations. In evaluating the effect of dietary 
protein on amino acids and microbial protein of duodenal digesta, they described linseed 
meal to be palatable, with a protein quality similar to canola meal but ranking higher than 
soybean meal and feather meal. Oomah et al. (1995) have suggested that the protein 
quality of linseed meal increases with protein content, with the major storage proteins 
being albumins and globulins. Albumins make up less than 20% of the protein content.  
In evaluating solvent and expeller linseed meals as protein sources for dairy cattle, 
Khorasani et al. (1994) observed that the expeller-pressed linseed meal contained higher 
levels of fat as well as a higher rate of ruminal crude protein degradation but solvent-
extracted linseed meal was preferable due to its higher level of ruminal by-pass protein. 
Linseed meal has been found to be beneficial in feedlot rations. Drouillard et al. 
(2002) has demonstrated that including linseed meal in feedlot rations increases feed 
intake in the critical first few days, making the transition period to the feedlot a less 
stressful experience. Feeding flaxseed may also increase marbling and quality grade 
scores in cattle when the finishing diet is supplemented with ground flaxseed. 
Ambrose et al. (2006) have observed that including flaxseed in the ration of dairy 
cows increased the diameter of the ovulatory follicle and reduced pregnancy losses 
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compared to cows supplemented with sunflower seeds. Similarly, in studying the effect 
of flaxseed on the long term productivity of sows and the performance of their offspring, 
flaxseed increased the number of pigs weaned per mated sow by 0.5 per year over the 
control group as well as birth weight, weaning weight in the third parity, improved 
farrowing rate and percentage of sows rebred within 7 days (Lawrence et al., 2004). 
Glucosinolates 
Unlike flaxseed, camelina and carinata contain secondary plant metabolites 
known as glucosinolates. Glucosinolates are β-thioglucoside N-hydroxysulfates esters 
with a side chain and sulfur linked β-D-glucopyranose found chiefly in the plant order 
Brassicales belonging to the family Brassicaceae (Tian et al., 2005; Winde and Wittstock, 
2011). They are synthesized from select protein amino acids and have side-chains that are 
highly variable that, together with chain-elongated amino acids homologues, are 
responsible for the chemical diversity that constitute more than 200 reported structures 
(Clarke, 2010). Despite the large number of glucosinolates, compounds in the group all 
share the same chemical skeleton (Fig. 1) and can be grouped into aliphatic (derived from 
methionine), indole (derived from tryptophan) and aromatic (derived from phenlyalaline), 
depending on the amino acid precursor (Padilla et al., 2007; Van Eylen et al., 2009; 
Hanschen et al., 2014). More than half of identified glucosinolates are aliphatic in nature 
and can be further subdivided into straight or branch chain alk(en)yl glucosinolates with 
or without a hydroxyl group (Hanschen et al., 2014). 
Glucosinolates can be found in almost all the members of the order Brassicales, 
are thermally stable, hydrophilic and normally stored in plant vacuoles. They are 
common in vegetables such as broccoli and cabbage but highest concentrations can be 
14 
found in seeds of oilseed crops such as rapeseed, camelina and carinata, of which there is 
interest because of the potential use of their by-products of oil extraction as part of 
livestock diets.  
 
Fig 1. Glucosinolate structure; side group R varies. 
The concentration and composition of glucosinolates present vary with plant 
species and are influenced by genetic makeup. Even within tissues of the same plant 
species, variations may occur (Bellostas et al., 2007). In B. carinata, for example, 2-
propenyl glucosinolate is the main glucosinolate found (Bellostas et al., 2007). Other 
glucosinolates found in B. carinata include but-3-enylglucosinolate, 4-hydroxyindol-3-
ylmethyl, phenethyl and 2-hydroxybut-3-enylglucosinolate (Bellostas et al., 2007; Fahey 
et al., 2001). In C. sativa, 9-methyl-sulfinyl-nonyl-glucosinolate, 10-methylsulfinyl-
decyl-glucosinotae and 11-methyl-sulfinyl-undecyl-glucosinolate appear to be the 
predominant glucosinolates found (Schuster and Friedt, 1998; Matthäusa and Zubr, 
2000). Glucosinolate content of C.sativa seed can range from 9 to 36.2 μmol of 
glucosinolates/g of dry seed depending on the cultivar (Lange et al., 1995; Schuster and 
Friedt, 1998; Matthäusa and Zubr, 2000). This content is lower than in B. carinata, which 
can possess up 116 μmol g/DM of glucosinolates (Bellostas et al., 2007). Glucosinolate 
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concentration and profiles also fluctuate with age of plant and are influenced by external 
factors such as soil moisture, nutrient availability and growing season.  
Upon tissue disruption or ingestion, glucosinolates are subject to hydrolysis 
catalyzed by myrosinase, present in the plant and seed or produced by intestinal 
microfloral (Larsen 1981; Mawson et al., 1993). This enzyme breaks down the 
thioglucosidic bond found in glucosinloates, producing glucose and an unstable aglycone, 
the thiohydroxamate-O-sulfonate. Depending on the temperature and pH of the 
surrounding environment or in the presence of Fe
2+
 ions and an epithiospecific protein, 
the thiohydroxamate-O-sulfonate can undergo rearrangement to form a number of 
products that includes isothiocyanates, nitriles, thiocyanates, epithionitriles and 
oxazolidinethiones (Fig. 2; Foo et al., 2000; Ludikhuyze, 2000; Bennett et al., 2004; 
Cheng et al., 2004; Fahey et al., 2001; Rask, et al., 2000). 
These breakdown products are biologically active and some of them contribute to 
the plant defense, antifugal and antiherbivorous properties. Others, like glucoraphanin, 
have pharmacological importance and may be cancer chemopreventive (Fahey et al., 
2003). On the other hand, others have negative effects that may hamper the use of plant 
species that contains them. Isothiocyanates, for example, are responsible for the bitterness 
of many oilseed meals (Fenwick et al., 1983; Hill 1991; Mithen et al., 2000) and may 
lead to reduced acceptance by livestock. Isothiocyanates may also be mutagenic and 




Fig. 2. The general structure of glucosinolates and their enzymatic degradation 
products. Adapted from Rask et al. (2000). 
Thiocyanate and oxazolidinethione toxicity leads to depressed iodine uptake and 
impaired thyroid function (Walling et al., 2002), resulting in a hypertrophy (Griffiths et 
al., 1998, Halkier and Gershenzon, 2006). These effects may result in reduced feed intake 
and feed conversion ratio and impaired growth, ultimately affecting productivity of 
animals (Mawson et al., 1994a,b; Mithen et al., 2000; Burel et al., 2001 Conaway et al., 
2002). Impairment to thyroid function due to glucosinolate toxicity has been observed in 
cattle (Virtanen et al., 1958; Vincent et al., 1988; Tripathi et al., 2001), sheep (Mandiki et 
al., 2002), pigs (Eggum et al., 1985; Bourdon and Aumaître, 1990) and poultry (Akiba 
and Matsumoto, 1977).  
Break-down products of glucosinolate hydrolysis, such as nitriles can cause 
irritation of the gastro-intestinal mucosa, liver damage and impaired kidney functions 
(Mawson et al.,1994a; Mithen et al., 2000; Burel et al., 2001; Conaway et al., 2002; Holst 
and Williamson, 2004; Alexander et al., 2008).  It appears though, that ruminants are 
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more tolerant to glucosinolates than non-ruminants, but the degree of adverse effects of 
dietary glucosinolates depends on the level and composition of glucosinolates and their 
breakdown products (Tripathi and Mishra, 2007).  For example, the inclusion of low 
glucosinolate rapeseed meal at higher levels has been observed to depress fertility in 
dairy cows (Ahlin et al., 1994), while glucosinolate levels up to 7.7 umol g
-1
 had no 
impact on calf performance (Mowson et al., 1994a). Cows have been reported to show 
signs of toxicity and thyroid dysfunction and depressed fertility following a daily intake 
of 44 mmol/day (equivalent to 31 mmol/kg dry matter) (Ahlin et al., 1994). 
According to Krul et al. (2002), allyl isothiocynate concentration, a break-down 
product of sinigrin in the lumen, peaks between 9 and 12 h after sinigrin introduction in 
humans. A study of isothiocyanate, indole-3-carbinol, a breakdown product of 
glucobrassicin, into, through and out of the body,  however, showed rapid absorption, 
distribution, and elimination from the plasma and the tissues, falling below the limit of 
detection within 1 hour. (Anderton et al., 2004). 
In summary, there are wide qualitative and quantitative interspecies differences in 
glucosinolate metabolism. It is has not been firmly established if there are any carry over 
effects of glucosinolates into milk, meat, or eggs. 
Processing conditions 
The processing methods used to extract oil from these seeds are continually being 
improved, but the most commonly employed processes are solvent extraction (hexane) 
and mechanical extraction via a screw press, and their use in combination. Following oil 
extraction, the meal produced is often high in protein and can be used as part of livestock 
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diets. To mechanically extract oil from the seeds, seeds are crushed, leaving behind a 
meal with a residual oil content often greater than 5%. In contrast, solvent extraction 
virtually extracts all the oil in the seeds using a combination of mechanical pressing and 
solvent extraction; therefore, solvent extracted oilseed meals have lower energy content 
because of reduced oil content. It is also possible that the digestibility and overall 
nutritional quality of the oil extracted meals may be affected by the processing 
conditions. In this review, the processing methods used to extract oil from camelina and 
carinata oilseeds, as well as their effect on nutritional qualities are evaluated. 
Mechanical extraction 
Mechanical extraction processes have two main steps. First, the seed preparation 
step followed by removal of oil from the oilseed. Seed preparation depends on the type of 
seeds and can simply be seed cleaning, while other oilseeds may need to be cleaned, de-
hulled, cracked, rolled, and/or flaked. 
In removing oil from the oilseed, the simplest mechanical extraction process 
squeezes the oil out of seeds using a screw press.  This usually involves a seed entering 
the screw press and oil forced out of it by applying pressure using the screw-press which 
squeezes the meal out of an exit nozzle. The diameter of the exit nozzle and the rotational 
speed of the screw can be varied depending on the operator’s choice. This process is 
performed without any application of external heat source. Any heat is generated 
internally due to friction and usually is not allowed to exceed 120 °C. 
Solvent extraction 
Solvent extraction is the most common commercial method for extraction of oil and can 
be modified to fit the characteristics of the oilseed. Hexane is the most widely used 
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commercial oil solvent for extraction. There are 3 major steps in this oil extraction 
process: oil extraction, solvent recovery and meal toasting. The initial prepressing 
process removes some of the oil from the seeds and reduces the oil content to about 20%. 
Following oil extraction, the solvent solution is added to the resulting meal, allowing the 
solvent to bond with the remaining oil in the meal. Next, the solvent in the meal is 
removed by a desolventizer-toaster, which heats the meal to evaporate solvent. The 
duration to which the meal is subjected to heat treatment and the degree of heat applied 
depends on the oilseed, cost involved in production, and intended use of the resulting 
meal.  Maillard reactions can be a great concern if one intends to use the byproducts of 
the oil extraction as animal feed. Equally worth considering is the effect of temperature 
on protein/polyphenolic interactions and protein/protein interactions, as these can 
decrease the overall nutritional quality of the resulting meal. 
Effects of processing conditions on nutritional quality 
A number of factors have been identified to influence the content of 
glucosinolates during processing of the oilseed and plants. Although the focus of this 
review is to explore the effect of cold-pressing and solvent extraction processing on 
nutritional quality of oilseed meals, some processing conditions reviewed by Tripathi and 
Mishra (2007) are discussed here (their mechanism of operations are somewhat used in 
the cold-pressed and solvent extraction process). These processing conditions include: 
microwaving, micronization and extrusion, treatment with water and metals solutions, 
solid state fermentation, heat and water treatment.  
Microwave irradiation at a frequency of 2450 MHz for 2.5 minutes (moisture 13 
g/kg, 24 hours at 4ºC) has been found to be capable of deactivating and decomposing 
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glucosinolates in oilseed. The extent to which glucosinolates decompose depends on 
moisture content and length of exposure. Similarly, subjecting rapeseed meal to 100 ºC 
for 2 hours was found to decrease total glucosinolates content by 95% without negatively 
impacting protein quality (Jensen et al., 1995). When heat-treated oilseed meals were fed 
to cows as a sole protein source, milk yield protein output and dietary nitrogen utilization 
were improved.  
Treating rapeseed meal dried at 60°C with copper sulphate solution has also been 
found to be effective in reducing total glucosinolates up to 100%. When oil-free Brassica 
meals were soaked in water in a ratio of 1:5 (w/v) for 0 - 12 hours, total glucosinolate 
level was found to decrease by 40-100% (Tripathi and Mishra, 2007). However, the high 
loss of dry matter in the water used for extraction limits the wide use of this method in 
practice. 
According to McNaughton and Marks (2003), cooking could also result in a 
decrease in glucosinolate content in cruciferous vegetables from 18.1 to 59.2%. Herzallah 
and Holley (2012) also discovered that glucosinolates are generally stable in yellow and 
brown mustard seeds, with their concentration only decreasing by less than 10 % after 
boiling for 60 min. To predict the loss of glucosinolates in Brassica plant tissues during 
thermal processing, Sarvan et al. (2012) proposed that the level of glucosinolates 
decreased by 82, 69, and 37%, after sterilization boiling and blanching, respectively.  
Oil extraction process also affects total glucosinolate content of resulting meals 
due to differences in extraction processing conditions. The use of solvents in the oil 
extraction process has been found to lead to meals containing higher amount of 
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glucosinolates than dehulled and expeller extracted meals (Tripathi and Mishra, 2007).  
Extraction condition also affects glucosinolate metabolites present in meal such as 
oxazolidinethione and allyl-isothiocyanates (Tripathi and Mishra, 2007). A study 
focusing on degradation behavior under thermal processing of five sulfur-containing 
aliphatic glucosinolates (methylsulfanylalkyl and methylsulfinylalkyl) revealed that 
nitriles, instead of isothiocyanates, were the major products upon roasting and/or 
cooking, and that the plant matrix environment and the addition of Fe tended to increase 
this degradation (Hanschen et al., 2012). 
Heat applied during the oil extraction process is also capable of altering the 
protein degradation characteristics of resulting meals through denaturation. One major 
chemical reaction that takes place when feedstuffs are treated with heat is the Maillard 
reaction and, depending on the amount of heat generated during the oil extraction 
process, this chemical reaction could be severe. This chemical reaction results in products 
that are detrimental to the nutritional value of the protein, thereby affecting the overall 
quality of the meal. Karlsson et al. (2012), investigating the effects of temperature during 
moist heat treatment on ruminal degradability and intestinal digestibility of protein and 
amino acids in hempseed cake, observed a linear increase in rumen undegradable protein 
(RUP) and intestinal digestibility of RUP with increasing temperature during heat 
treatment. Several in situ and in vitro studies have also demonstrated that it is possible to 
shift protein digestion in different oilseed feedstuffs from the rumen to the small intestine 
by heat treatment, without adverse effect on protein digestibility in the lower GI tract 
(McKinnon et al., 1995; Dakowski et al., 1996; Mustafa et al., 1999). 
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Given the aforementioned, it has, therefore, become increasing important to 
explore the effect of processing conditions on camelina and carinata in order to improve 
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CHAPTER TWO 
EFFECT OF PROCESSING CONDITIONS ON NUTRIENT DISAPPEARANCE OF 
COLD-PRESSED AND HEXANE-EXTRACTED CAMELINA AND CARINATA 
MEALS IN VITRO 
INTRODUCTION 
Camelina sativa is an oilseed crop with potential use as biofuel source.  The meal 
remaining after oil extraction contains relatively high concentrations of protein and 
polyunsaturated fatty acids (Bonjean and Le Goffic, 1999; Hurtaud and Peyraud, 2007) 
and, because of this, there is interest in using it in livestock diets. Carinata (Brassica 
carinata) meal may have similar nutritional qualities but is not as widely used because of 
greater glucosinolate content compared to camelina meal. Nonetheless, the nutritional 
qualities of the byproducts of oil extraction are not well defined and more importantly, 
the technique of evaluating the in vitro nutrient disappearance of these oilseed meals has 
not been fully developed. Evaluating these meals in vitro will allow efficient prediction 
of their ruminal digestibility, which will contribute to our knowledge of the usefulness of 
the meals as part of livestock diets.  
We proposed to determine the appropriate modification to the Tilley and Terry 
(1963) procedure that would allow for efficient evaluation of the meal without 
compromising nutrient disappearance. Our second objective was to use the modified 
Tilley and Terry (1963) in vitro procedure to evaluate meals manufactured from cold-
pressed and solvent-extracted camelina and carinata seeds under 6 different processing 
conditions for OM, CP and crude fat disappearance. 
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MATERIALS AND METHODS 
Sample preparation 
To determine the in vitro procedure that would generate adequate residue for 
multiple analyses without compromising nutrient disappearance, camelina meal was used 
as a substrate in an in vitro fermentation system. In all experiments, steers were fed 5.6 
kg of bromegrass hay twice daily. Ruminal fluid was collected from each steer 4 h after 
feeding and after 2 h without water and transferred into pre-warmed thermos flasks.  
Evacuated ruminal contents were hand-squeezed and the associated fluid was blended for 
1 min and strained through 4 layers of cheesecloth. Filtered ruminal fluid was maintained 
at 39°C under a constant flow of CO2. Prepared McDougall’s buffer (McDougall, 1948) 
with urea (13.32 mM) or without urea was similarly degassed and maintained at 39°C for 
use. In all the experiments, after samples were inoculated with ruminal fluid and buffer, 
250 mL in vitro vessels were flushed with CO2, capped with lids equipped with a vent to 
allow release of gases, and incubated for 48 h. After 48 h of incubation, in vitro vessels 
were removed from the incubator and placed in an ice bath to stop fermentation, followed 
by centrifugation at 4°C  for 15 min at 2,000 x g, after which supernatant was suctioned 
off. Pepsin solution prepared from 1.98 g of pepsin (with an activity of 1:10000) 
dissolved in 100 mL 1 N HCl and topped to 1 L with deionized water was added to each 
vessel and incubated for 48 h at 39°C. In vitro incubation tubes were again centrifuged 
for 15 min at 2,000 x g at 4°C and supernatant suctioned off. Samples were lyophilized 
and weighed to determine DM disappearance. 
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Exp. 1 
To determine the volume of pepsin solution to be used, 21 mL of ruminal fluid 
was transferred into 18 in vitro vessels, each containing 2.2 g cold-pressed camelina meal 
and 84 mL of degassed buffer without urea.  After the initial incubation and 
centrifugation, vessels were filled with 35, 70, 105, 140, 175 or 210 mL of pepsin 
solution and treated as previously described. 
Exp. 2 
Using results from the first experiment, the effect of amount of sample, the 
addition of urea in buffer, and the ratio of buffer to ruminal fluid on IVDMD of 4, 5 and 
6 g of camelina meal were evaluated. Replicates were incubated in a mixture of buffer: 
ruminal fluid volume of 100:50 mL or 150:50 mL with (13.32 mM) or without urea. 
After the initial incubation, all vessels were filled with 140 mL of pepsin solution 
(1:10000) and treated as previously described. 
Exp. 3 
To determine the combination of sample weight and McDougall’s buffer with or 
without urea that would generate enough residue for use in further nutritional analyses, 
2.2, 3, 4 and 5 g of camelina meal in triplicate were evaluated for DM disappearance. 
Samples were initially incubated in either a mixture of buffer: ruminal fluid volume of 
150:50 mL with or without urea followed by 140 mL of pepsin solution (1:10000). 
Exp. 4 
To address our second objective, meals from cold-pressed and hexane-extracted 
camelina, carinata and flax seed were analyzed for OM, CP and crude fat disappearance. 
The cold-pressed and hexane-extracted camelina meals were manufactured using 6 
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different processing conditions. Cold-pressed extraction conditions evaluated for each 
meal varied by die nozzle size and screw speed: 0.56 cm at 15 Hz, 0.56 cm at 20 Hz, 0.56 
cm at 25 Hz, 0.64 cm at 15 Hz, 0.64 cm at 20 Hz and 0.64 cm at 25 Hz. Similarly, the 
hexane extraction conditions evaluated varied by temperature and duration of extraction: 
80°C for 90 min, 100°C for 65 min, 100°C for 90 min, 120°C for 40 min, 120°C for 65 
min and 120°C for 90 min. The aforementioned meals were obtained from the same 
source. The cold-pressed (FSCP) and hexane-extracted flax seed meals (FSHE), on the 
other hand, were obtained from the local market and their processing conditions are 
unknown. 
  Ruminal fluid (50 mL) used in this experiment was obtained from 2 steers 
accustomed to being feed hay twice daily. The ruminal fluid was processed as previously 
described and transferred into separate 250 mL in vitro vessels in duplicate, each 
containing 4 g of sample and 150 mL of degassed buffer without urea. Dry matter and 
OM disappearance was determined after 48 h of incubation in McDougall’s buffer and 
ruminal fluid, followed by a 48 h pepsin digestion. Lyophilized residue was analyzed for 
N by combustion (AOAC, 1990) and CP disappearance was calculated (N × 6.25). The 
experiment was repeated and the resulting residue was analyzed for crude fat (AOAC, 
1990). 
Statistical Analysis 
Data from Exp. 1 were analyzed using the general liner model procedure of SAS 
(SAS Inst. Inc., Cary, NC) using a completely random design to test for the effect of 
pepsin volume. Data from Exp. 2 and 3 were analyzed with the mixed model procedure 
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of SAS using a model that included weight of sample, buffer: ruminal fluid ratio, 
inclusion or exclusion of urea and the interaction among them (Exp. 2); or weight of 
sample, inclusion or exclusion of urea and the interaction among them (Exp. 3). In vitro 
vessel was considered random. Differences were declared at P ≤ 0.05. 
After outliers were deleted (Grubbs, 1950), data from Exp. 4 were analyzed using 
the Mixed procedure of SAS. Initially, effects of extraction method on in vitro OM, CP 
and crude fat disappearance were analyzed with a model that included oilseed and 
extraction method and the interactions between them. A second analysis was conducted 
separately for cold-pressed and solvent extracted meals using a model that included 
oilseed and processing conditions. Steer was considered random and differences were 
considered significant at P ≤ 0.05. 
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RESULTS AND DISCUSSION 
Chemical composition of oilseed meals 
The DM, CP, and fat content of the oilseed meals evaluated are reported in Tables 
2, 3 and 4. On the average, hexane extracted camelina and carinata manufactured meals 
had a CP of 39.6 and 46.9%, respectively. Cold-pressed camelina and carinata meals, on 
average, produced meals with 37.3 and 42.0 % CP on dry matter basis. At a 91.7 % DM, 
the hexane extracted flaxseed meal contained 38.9 % CP, whereas the cold-pressed 
flaxseed meal contained 37.3 % CP at 92.7 % DM. Cold-pressed flax meal had a DM, ash 
and CP of 90.8, 5.9 and 37.3%, respectively. Hexane extracted flax seed contained 38.9% 
CP with an ash of 7.2% at 89.6 % DM.  
Exp. 1 
Incubation with 35 mL of pepsin solution resulted in the least IVDMD (P < 0.01; 
Table 5). We observed no differences (P = 0.30) in IVDMD of sample incubated in 70, 
140 and 175 mL of pepsin solution. The observed difference in IVDMD was probably 
due to changes in the volume and activity of pepsin in each volume of pepsin solution 
used. Incubation with 70 mL resulted in IVDMD that showed a tendency (P = 0.09) to 
differ with 105 and 140 mL of pepsin incubation. Incubation with 210 mL resulted in in 
vitro DM disappearance that only compared to 105 mL of pepsin.  
This study indicated that incubating at 2.2g of sample in 70 mL of pepsin solution 
will generate about 0.7g of residue. Since we wanted more than 0.7g of residue, we 





There was no effect of relative volume of McDougall’s buffer to ruminal fluid on 
IVDMD (P = 0.68) (Table 6). However, we observed a tendency (P = 0.06) for amount 
of substrate incubated to cause an effect on DM disappearance. Sample weight interacted 
with buffer condition such that the IVDMD tended to be greater (P = 0.06) for the 4 g 
sample size compared with the 5 or 6 g when urea was added. However, no differences 
among sample sizes were observed when no urea was added. 
These results indicated that the addition of urea at certain levels of sample tended 
to cause differences in IVDMD. This did not, however, clearly establish a trend nor 
indicate which sample weight incubation was appropriate. We therefore redesigned 
another study to test the sample weight and McDougall’s buffer with or without urea that 
would generate enough residue for use in further nutritional analyses. 
Exp. 3 
We observed differences (P = 0.01) in IVDMD due to sample weight. Buffer 
(with or without urea) incubation, however, did not affect (P = 0.41) IVDMD. Incubation 
of 5 g of sample without urea in buffer resulted in the least IVDMD. On average, addition 
of urea produced lesser DM disappearance than exclusion of urea (67.3 vs 68.7 %; SEM 
0.44%; P < 0.01). Even though we observed no difference (P < 0.01) in IVDMD using 
2.2 or 3 g (with or without urea) and 4 g (without urea), the procedure did not generate 
enough residue for use in further nutritional analyses when 2.2 and 3g were used. In 
addition, IVOMD was decreased when more than 4 g was used, therefore 4 g incubated 
in 150 mL of buffer without urea and 50 mL of ruminal fluid was chosen for further 
analysis of the oilseed meals. 
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Exp. 4 
Significant differences in OM disappearance due to oilseed (P < 0.01), processing 
condition (P < 0.01), and an oilseed by process interaction (P < 0.01) were observed 
(Tables 7 and 8). There were, however, no differences (P > 0.05) in the CP disappearance 
due to extraction method, nor was oilseed by extraction method interaction observed. For 
oilseed, CP disappearance of carinata was found to be different from camelina and 
flaxseed (P < 0.01). Fat disappearance was affected (P < 0.01) by oilseed, extraction 
method and the interaction between them. Apparently fat contributed by the microbial 
population within the in vitro tube may have contributed to the amount of fat left in the 
residues after the incubation period, therefore causing some negative values in our 
results. Moreover, since the fat content of the meals were originally small, any minute 
difference in the lab analysis of the residues resulted in a large variability. A more robust 
experimental procedure that can account for microbial fat contamination may be needed 
in future trials. Our results indicated that fat disappearance in camelina and carinata 
meals were significantly different ( P = 0.01, Table 8) than flaxseed meals. Fat 
disappearance between camelina and carinata oilseed meals tended to be similar (P = 
0.05).  
Hexane extraction processing conditions produced meals with greater OM 
disappearance (P < 0.05) but no difference in CP disappearance. Although heat treatment 
during the hexane extraction can damage the nutritional quality of protein, negative 
effects were not observed under the processing conditions evaluated. Perhaps, the 
application of heat during the hexane extraction was enough to rupture of cell walls of the 
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feed particles, thereby improving digestibility (Nahm, 2002), similar to that observed 
with cold-pressing. 
On average, hexane extraction resulted in meals with greater fat disappearance (P 
= 0.01) compared with cold-pressed meals. Within oilseed meals, carinata meal had 
greater CP and OM disappearance than either camelina or flaxseed meal (P < 0.01; Table 
8 and 9).  There was no difference between CP and OM disappearance of camelina or 
flaxseed, however. Fat disappearance was negative for flaxseed meal and positive for 
camelina and carinata meals. 
Since the flaxseed meals evaluated only differed in their extraction methods and 
their processing conditions were unknown, they were omitted from further statistical 
analysis.  
Hexane extraction processing conditions  
 
Within the oilseed extraction literature, studies that investigate effects of 
extraction method on nutrient disappearance often do not distinguish between the 
processing conditions within the extraction method and it is, therefore, difficult for us to 
compare or contrast our CP and OM disappearance values with other studies. Regardless, 
in our study differences in CP and OM disappearance in both oilseed types due to hexane 
extraction processing conditions were noted (Table 10). We observed differences (P = 
0.01) in OM disappearance of camelina meal between hexane extraction processing 
conditions of 120°C for 65 min and 120°C 90 min, but the 120°C for 65 min processing 
condition was not different from any other processing conditions. 
Hexane extraction performed under 80°C for 90 min produced camelina meal 
with the greatest CP disappearance, whereas a temperature of 120°C for 65 min resulted 
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in meals with the least CP disappearance. Hexane extracted camelina meal processed 
under temperature and time combinations of 100°C for 65 min, 100°C for 90 min, 120°C 
for 40 min and 120°C for 90 min, however, did not differ in CP disappearance. Given 
that a temperature of 120°C applied for 65 min led to the least CP disappearance, we 
found it inconsistent that an increase in the duration of the temperature application to 90 
min did not further decrease CP disappearance. In contrast, Nia and Ingells (1992) found 
moist heat treatment to greatly decrease soluble nitrogen from canola meal as canola 
meal was moist heat treated at 127°C with steam-pressure of 117 kPa for 15, 30, 45, 60 
and 90 min. Since we did not analyze individual amino acids, we are, however, unable to 
tell if the heat treatment applied during the any of the hexane extraction processes 
affected lysine digestibility or content as observed in canola meal (Newkirk et al., 2003). 
In their study, they found apparent lysine digestibility coefficient to be significantly 
reduced from 0.87 to 0.79 in desolventized and toasted canola meal compared to 
untoasted meal. 
 We noted no difference in OM disappearance of hexane extracted carinata meal 
between 80°C for 90 min and 100°C for 65 min. Similarly, processing condition at 100°C 
for 90 min resulted in OM disappearance of hexane extracted carinata meal that only 
compares with processing at 120°C for 65 min. Similar OM disappearance of hexane 
extracted carinata meal was observed between processing at 120°C for 90 min and 120°C 
for 40 min. 
Crude protein disappearance of carinata meal manufactured under a hexane 
extraction processing temperature of 100°C for 90 min was significantly greater than all 
other hexane processing conditions except processing at 120°C for 65 min. 
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Disappearance of CP of carinata meals manufactured at a temperature of 120°C for 65 
min also did not differ from that produced at 100°C for 65 min and 120°C for 40 min. No 
difference in the CP disappearance of hexane extracted carinata meals was observed 
among meals manufactured under 80°C for 90 min, 100°C for 65 min, 120°C for 40 min 
and 120°C for 90 min. 
No significant differences in fat disappearance among hexane extracted camelina 
meals were noted. Hexane extracted carinata meal manufactured under 80°C for 90 min 
was not significantly different from meals manufactured using a temperature of  100°C 
for 65 min, 120°C for 40 min and 120°C for 65 min. Fat disappearance observed in the 
aforementioned processing conditions were significantly different to meals manufactured 
using a temperature of 100°C for 90 and 120°C for 90 min. Processing for 100°C for 90 
and 120°C for 90 min resulted in the greatest fat disappearance.  
Cold-press processing conditions 
Organic matter disappearance of cold-pressed camelina meal pressed under a die 
nozzle of 0.56 cm and screw speed of 20 Hz was greater than that of 0.64 cm die nozzle 
and either a 20 or 25 Hz screw speed (P  ≤  0.01); Table 11). No significant differences in 
the OM disappearance of cold-pressed camelina meal were, however, detected when 
processing conditions of die nozzle and screw size of 0.56 cm at 15 Hz, 0.56 cm at 20 Hz, 
0.56 cm at 25Hz and 0.64 cm at 15 Hz, were used. A die nozzle of 0.64 cm with a screw 
speed of 25 Hz resulted in the lowest OM disappearance of cold-pressed camelina meal. 
Unlike the hexane extraction processing, no significant differences in CP disappearance 
among cold-pressed camelina meals were noted. 
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Cold-pressed extraction performed under a die nozzle and screw size of 0.56 cm 
at 15 Hz resulted in the greatest (P = 0.01) OM disappearance of carinata meal, whereas a 
die nozzle and screw speed of 0.56 cm at 20 Hz or 0.64 cm at either or 25 Hz and resulted 
in meals with the lowest OM disappearance. No differences in OM disappearance of 
carinata meals manufactured under cold-pressed processing conditions of 0.56 cm at 25 
Hz and 0.64 cm at 15 Hz were noted.  
Crude protein disappearance was not different when cold-pressed carinata meals 
were manufactured under a die nozzle and screw speed of 0.56 cm at 20 Hz or 0.64 cm at 
25 Hz. Observed CP disappearance among these two processing conditions, however, 
differed (P = 0.01) from 0.56 cm at 15 Hz. Crude protein disappearance of carinata meals 
manufactured under a cold-pressed processing conditions of 0.56 cm at 15 Hz, and 0.56 
cm at 25 Hz and 0.64 cm at 15 Hz were not different. Observed CP disappearance of 
carinata meal processed using a processing condition of 0.56 cm at 15 Hz was, however, 
greater (P = 0.04) than  carinata meal manufactured under a processing conditions of 
0.64 cm at 20 Hz. 
There was no significant difference in fat disappearance of camelina meal or 
carinata meal due to processing conditions. 
Overall, carinata meals were more likely to be affected by hexane and cold-




Our data suggest that initially incubating 4 g of sample in a mixture of buffer: 
ruminal fluid volume of 150:50 mL either with urea (13.32 mM) or without urea and 
followed by digestion in 140 mL pepsin is the optimal in vitro modification that generates 
enough residue for use in further nutritional analyses without compromising IVDMD, 
when using a 250 mL incubation vessel.  
Data from our modified Tilley and Terry (1963) in vitro procedure suggest that 
hexane extraction performed under a temperature of 80°C for 90 min will result in 
camelina meal with the greatest CP disappearance, whereas a temperature of 120°C for 
65 min will result in camelina meal with the lowest CP disappearance. Cold-press 
processing pressure had no effect on CP disappearance of camelina meal but differences 
were observed for carinata meals. A die nozzle and a screw speed of 0.56 cm at 15Hz 
will lead to the greatest OM disappearance and one of the greatest CP disappearances for 
carinata meal. If approved, processing carinata meal intended for use as part of livestock 
feed will best be achieved using the aforementioned processing conditions. It also 
appears that carinata meals were more likely to be affected by hexane extraction and 
cold-pressed processing conditions than camelina meal.  
Given that there were limited differences in OM disappearance and no difference 
in CP of cold-pressed camelina, cost involved as well as other factors such as oil quality 
and quantity extracted should be considered when choosing between processing camelina 
oilseeds under a die nozzle and screw sizes of 0.56 cm at 15 Hz, 0.56 cm at 20 Hz, 0.56 
cm at 25 Hz, or 0.64 cm at 15 Hz. The same consideration should be applied in choosing 
between processing carinata oilseed meals at 100°C for 90 min or 120°C for 65min. 
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Table 2. Organic matter and crude protein percentages of hexane extracted camelina 




80°C 100°C 100°C 120°C 120°C 120°C 
90 min 65min 90 min 40 min 65 min 90 min 
Camelina 
      
DM, % 93.8 95.2 95.2 96.4 96.4 95.7 
 -------------------------------% DM------------------------------ 
Ash   6.0 6.1 6.3 6.2 6.2 6.6 
CP   38.7 38.4 40.4 39.4 39.0 41.9 
Crude fat  15.6 14.5 12.1 12.2 13.0 9.6 
       
Carinata 
      DM  93.3 97.5 97.3 97.8 97.6 97.4 
 -------------------------------% DM------------------------------ 
Ash   8.8 9.0 8.5 8.4 8.9 9.0 
CP  46.8 46.9 46.9 46.7 47.3 46.5 
Crude fat  1.1 1.4 0.8 1.0 1.3 2.5 
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Table 3. Dry matter, ash, crude protein and fat percentages of cold-pressed 




0.56 cm 0.56 cm 0.56 cm 0.64 cm 0.64 cm 0.64 cm 
 15Hz  20Hz  25Hz  15Hz  20Hz  25Hz 
Camelina 
      
DM, % 92.5 96 93.9 93.3 93.4 93.7 
 -------------------------------% DM------------------------------ 
Ash  6.2 6.2 6.2 6.1 6.1 6.1 
CP  41.3 41.0 41.0 40.7 40.1 20.3 
Crude fat 9.9 11.4 11.2 12.4 12.4 11.0 
       
Carinata 
      
DM 92.6 96 93.2 92.5 93.3 93.3 
 -------------------------------% DM------------------------------ 
Ash 7.8 7.7 7.5 7.6 7.3 7.2 
CP 43.2 43.0 41.7 42.0 41.0 40.6 
Crude fat 10.1 9.5 12.4 12.1 13.7 15.3 
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Table 4. Nutritional quality of flaxseed meals evaluated 
Oilseed 
Item, % (DM basis) 
DM Ash CP Crude Fat 
FSCP 90.8 5.9 37.3 5.0 
FSHE 89.5 7.2 38.9 4.2 
FSCP = Cold-pressed flax seed meal.  
FSHE = Hexane extracted flax seed meal. 
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Table 5. Effect of pepsin volume on IVDMD of cold-pressed camelina meal 
(Exp.1). 
  Volume of pepsin, mL 
SEM 

















Means with differing superscript are different from each other (P ≤ 0.05). 
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Table 6. Effect of sample weight, inclusion or exclusion of urea in buffer and 
varying ratio of buffer to ruminal fluid on IVDMD of cold-pressed 









 Sample weight, g 
    





















Buffer:ruminal fluid, mL 
       100:50 53.2 
 
54.8 1.40 
   150:50 56.3 
 
52.9 1.40 
     
ab
Means in columns of sample weights under different buffer conditions with differing 







Table 7. Probability values showing the effect of extraction method on camelina, 
carinata and flaxseed meals (Exp. 4) 
Effect 
Oilseed Process Oilseed x Process 
-------------------------------P-value------------------------ 
OM 0.001 0.001 0.001 
CP
a
 0.001 0.17 0.1 
Crude fat 0.001 0.001 0.001 
a




Table 8. Effect of oilseed on in vitro CP, OM and fat disappearance 
after 48-h incubation (Exp. 4) 
Effect 

























Means in rows with differing superscripts differ, P < 0.01 




Table 9. Effect of either solvent extraction (HE) or cold-press (CP) 
processing on in vitro OM disappearance of camelina (CAM), carinata 




CAMCP CAMHE CARCP CARSE FSCP FSHE 
 














* Observed highest SE.  
CAMCP = Cold-pressed camelina meal. CAMHE = Hexane extracted 
camelina meal. CARCP = Cold-pressed carinata meal. CARHE = Hexane 
extracted carinata meal. FSCP = Cold-pressed flaxseed. FSHE = Hexane-
extracted flax seed meal 
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Table 10. Effect of temperature and time during hexane extraction of camelina and 
carinata seeds on organic matter (OM), crude protein (CP) and crude fat 
disappearance of their meals in vitro (Exp.4) 
Oilseed 
Processing Temperatures 
SEM 80°C 100°C 100°C 120°C 120°C 120°C 
90 min 65min 90 min 40 min 65 min 90 min 
 
------------------------------- Disappearance, % --------------------- 
 
Camelina 



























Crude fat 44.3 39.3 29.9 43 36.9 31.9 14.4 
        
Carinata 








































Means in rows with differing superscript are significantly different from each 




Table 11. Effect of pressure during cold-press extraction of camelina and carinata 
seeds on organic matter (OM), crude protein (CP) and crude fat disappearance of 





SEM 0.56 cm 0.56 cm 0.56 cm 0.64 cm 0.64 cm 0.64 cm 
15Hz 20Hz 25Hz 15Hz 20Hz 25Hz 
 ------------------------------- Disappearance, % ---------------------  
Camelina 














CP  81.2 82.7 81.6 82.5 81.2 81.7 0.75 
Crude fat -11.2 11 2.0 7.7 3.7 -7.1 11.2 
        



























Crude fat 7.0 25.6 -13.13 -6.21 9.6 24.5 11.2 
abc
Means in rows with differing superscript are significantly different from each other 
(P ≤ 0.05) 
1
Processing pressure determined by die nozzle size (cm) and screw speed (Hz) of 





TIME COURSE IN VITRO AND IN SITU EVALUATION OF SEVERAL COLD-
PRESSED AND HEXANE EXTRACTED OILSEED MEALS 
INTRODUCTION 
Camelina and carinata oilseed meals are the byproducts of lipid extraction from 
camelina and carinata seeds. When oil is extracted from these oilseeds for biofuel 
purposes, large amounts of byproducts are produced. Camelina meal has been 
investigated previously and has been found to be economically efficient and a good 
sources of CP and polyunsaturated fatty acids (Bonjean and Le Goffic, 1999; Hurtaud 
and Peyraud, 2007). Carinata meal may have similar nutritional qualities but has greater 
glucosinolates content compared to camelina meal. Glucosinolates are secondary plant 
metabolites that can interfere with the normal functioning of the thyroid gland (Lardy and 
Kerley, 1994). This sulfur-containing compound can also affect liver function or hinder 
thyroid hormone production through the breakdown activities of thiocyanate, 
isothiocyanate, oxazolidinethione (goitrin) and nitriles, and is a factor that limits the 
amount of camelina or carinata meal fed to livestock. 
Data indicate that the sale of meal from oilseed processing has the greatest impact 
on profitability of oilseed production (Keske et al., 2013), but the effect of extraction 
method on the nutrient degradability of these oilseed have not been fully investigated. 
Clearly, increasing the utility of these byproducts of oil extraction can facilitate greater 
economic returns if significant improvement in the quality of the seed meal can be 
achieved. In the U.S., oilseed processing is predominately achieved by cold pressing or 
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by solvent extraction. Hexane is the most common solvent used in solvent extraction and 
is used in conjunction with some form of mechanical extraction to remove the oil from 
the seeds. Newkirk and Classen (2002) have suggested that processing conditions may 
affect residual oil content and anti-nutritional factors of by-products of oilseeds such as 
canola, but there is little work on the effect of processing conditions on C. savitiva or B 
carinata meals. Besides, the effects of extraction method on rates of CP and DM of C. 
sativa and B. carinata seed meal disappearance and VFA production is also largely 
unknown.  Studying the degradation kinetics of camelina and carinata oilseed meals has, 
therefore, become increasingly important. Evaluation of ruminal disappearance of feed 
nutrients such as proteins, will allow the prediction ruminal digestibility of these meals 
and could be useful in the assessment of their RDP and RUP. 
The aim of this study was to compare DM and CP ruminal degradation 
characteristics of several oilseed meals as well as glucosinolates concentration and VFA 
production using the time course in vitro and in situ techniques in beef steers. 
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MATERIALS AND METHODS 
Exp. 1 
Cold-pressed camelina (CAMCP), carinata (CARCP) and flaxseed (FSCP), as 
well as hexane extracted camelina (CAMHE), carinata (CARHE) and flaxseed (FSHE) 
oilseed meals were analyzed for in vitro DM and CP disappearance. The CAMCP and 
CARCP meals were manufactured under a processing condition using a die nozzle size of 
0.56 and a screw speed of 15 Hz, while CAMHE and CARHE meals were manufactured 
under a temperature of 100 °C for 90 min, These processing conditions were chosen 
because they produced meals with one of the greatest OM and CP disappearances in a 
previous study and were obtained from the same source. Flaxseed meals were obtained 
from the local market and the processing conditions are unknown. 
Prior to use, meals were ground in a Wiley mill to pass through a 2-mm screen 
and 4 g of each sample were weighed in duplicate into separate 250 mL in vitro vessels. 
Vessels containing samples were inoculated with 150 mL of degassed buffer without urea 
and 50 mL ruminal fluid collected and processed from 2 steers accustomed to being feed 
brome hay twice daily. In vitro vessels were then flushed with CO2 and capped with lids 
equipped with a vent to allow release of gases. In vitro vessels were incubated at 39 °C 
for 0, 4, 6, 12, 24, 48 and 96 h. Corresponding in vitro vessels, designated as blanks and 
containing only 150 mL buffer and 50 mL ruminal fluid, were also incubated for each 
time point.   
At the end of each incubation period, in vitro vessels were immediately placed in 
an ice bath to stop fermentation, followed by centrifugation at 4°C for 15 min at 2,000 x 
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g. Resulting supernatant  were suctioned off and saved for glucosinolates and volatile 
fatty acids (VFA) determination.  Detailed description of the VFA determination 
procedure can be found in Erwin et al. (1961). A composite of 10 mL of  replicate 
samples for each time point for each steer were analyzed for glucosinolates by the HPLC 
procedure specified in ISO (1992). Residues contained in in vitro vessels were 
lyophilized and weighed to determine DM disappearance. Approximately 0.5g of each 
residue was analyzed for N by combustion analysis using Elementar Rapid N III (Mt. 
Laurel, NJ; AOAC, 1990). 
Exp. 2 
To determine the in situ DM and CP disappearance, oilseed meal samples were 
ground to pass through a 2-mm screen and 2 g of each sample were weighed in duplicate 
into weighed air-dry dacron bags. Dacron bags containing samples and blanks were heat 
sealed and placed into secured weighted nylon laundry bags according to their incubation 
time. A total of 4 bags per sample were generated for each incubation time. The same two 
ruminally cannulated steers used in Exp. 1 were used in Exp. 2. 
Before insertion, duplicate bags were prepared by immersing in 39 °C water for 
20 min. Dacron bags designated for 0 h insertion were only immersed in the water for 20 
min and kept for later processing. Bags containing samples secured in weighted nylon 
laundry bags were then incubated for 4, 6, 12, 24, 48 and 96 h. The bags were introduced 
in the rumen in the reverse order starting with the bags to be incubated for the longest 
period (96 h) and ending with the bags to be incubated for the shortest period (4 h), 
allowing bags to be taken out at the same time. Upon removal, bags were immediately 
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placed in cold water to stop fermentation and to remove the feed particles adhering to the 
surface of the bags and rinsed with cold water until the water ran relatively clear. They 
were then transferred into a domestic washing machine where they are rinsed together 
with the 0 h insertion samples until the water ran clear. Samples were lyophilized and 
placed in a  desiccator until weighing. Approximately 0.2g of each residue was also 
analyzed for N by combustion analysis using Elementar Rapid N III. 
Kinetics of the degradation of DM and CP of exp. 1 and 2 were determined using 
the exponential model of Ørskov and McDonald (1979),  
 p = a+b (1-e
-ct
) 
where p = disappearance rate at time t, a = intercept representing the portion of 
DM or CP solubilized at initiation of incubation (time 0), b = the fraction of DM or CP 
potentially degradable in the rumen, c = a rate constant of disappearance of fraction b, 
and t = time of incubation, using the PROC NLIN procedure of SAS (SAS Inst., Inc., 
Cary, NC). 
Statistical analysis 
In vitro and in situ disappearance kinetics were analyzed using the Mixed 
procedure of SAS with a model that includes oilseed and extraction method, and the 
interaction between them. Steers were considered random. Least squares means were 
separated using the PDIFF statement of SAS and differences were declared at P ≤ 0.05. 
Effect of extraction method on glucosinolates and VFA release were analyzed 
using repeated measures analysis of the Mixed procedure of SAS with a compound 
symmetry as the covariance structure. Due to nature of the type of glucosinolates found 
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in camelina and carinata, oilseed meals were categorized into either of the two and 
analyzed with a model that includes extraction method and time, and the interactions 
between them. Steer was considered random and differences were considered significant 
at P ≤ 0.05. In analyzing VFA production, the model used included oilseed, extraction 
method, time and the interactions between them. Steer was considered random and 
differences were considered significant at P ≤ 0.05.  
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RESULTS AND DISCUSSION 
Chemical composition of oilseed meals 
The dry matter and crude protein of the oilseed meals evaluated are reported in 
Table 12. Cold-pressed camelina (CAMCP), carinata (CARCP) and flaxseed (FSCP) 
produced meals with CP of 41.3, 43.3, 37.3 % at DM of 90.3, 90.8 and 89.5 %, 
respectively. Hexane extracted camelina (CAMHE), carinata (CARHE) and flaxseed 
(FSHE) on the other hand resulted in meals with CP of 40.4, 46.9, 38.9 % at DM of 92.2, 
94.0 and 88.81%, respectively. Our observed nutrient composition is similar to that found 
in other research (Cherian, 2012; Mayombo et al., 1997; Nigussie, 1999). The 
glucosinolates content of the oilseed meals are described in Table 13. We detected 3 
glucosinolates in camelina meal similar to Matthaus and Zubr (2000) but the total 
glucosinolates concentration seemed to be slightly higher. Sinigrin was found to be the 
major glucosinolates in carinata, consistent with reports by Bellostas et al. (2007) 
No glucosinolates were found in either of flaxseed meals. 
Exp. 1 
DM and CP degradation kinetics in vitro 
We observed differences in the portion of CP solubilized at initiation of 
incubation (Fraction A) between oilseeds (P = 0.001) and extraction methods (P = 
0.002), but not the interaction between them (P = 0.08) (Table 14). Flaxseed meals had 
the least fraction A (15.9 %) which was different (P= 0.001) than the faction A of both 
camelina (32.5%) and carinata (35.4%). The fraction A portion of camelina and carinata 
meals were not different (P = 0.3). 
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 Extraction method tended (P = 0.05) to affect the portion of DM solubilized at 
initiation of incubation. Cold-pressing averaged 19.4% and hexane extraction averaged 
14.9%. There were differences (P < 0.01) in the DM portion solubilized at initiation of 
incubation due to oilseed. Flaxseed (6.7%) produced the least DM portion solubilized at 
initiation of incubation, which was significantly different from camelina (20.4%) and 
carinata (24.4%). Oilseed by extraction method interaction on the other hand, had no 
effect (P = 0.19) on the portion of DM solubilized at initiation of incubation.  Similarly, 
there was no oilseed by extraction method interaction (P = 0.87) for the fraction of DM 
potentially degradable in the rumen. Differences (P= 0.01) were noted for oilseed, 
however, with camelina (33.9 %) and carinata (39.9%) significantly different (P = 0.01) 
from flaxseed (53.1%). Hexane extracted meals (45.3%) had the greatest (P= 0.03) DM 
portion that was potentially degradable in the rumen as against 39.3% found in cold-
pressed meals 
In addition, neither oilseed (P = 0.12) nor oilseed by extraction method interaction 
(P = 0.12) had an effect on rate constant of disappearance of fraction B of the DM.  
Extraction method showed tendency (P > 0.05) not to affect the rate of disappearance of 
the potentially degradable DM fractions. 
At 28.4%, CAMCP produced meals with the least disappearance of the B fraction 
of its CP, which was significantly different to CARCP, FSCP, CAMHE, CARHE and 
FSHE.  There were no differences due to extraction method on the disappearance of the B 
fraction of the CP contained in CARCP, FSCP, CAMHE and CARHE. The effect of 
extraction method on the disappearance of portion of B fraction of the CP contained in 
FSHE was different from any of the other oilseed evaluated.  
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Cold-pressed flaxseed had the greatest rate of disappearance of the CP B fraction 
at 22.9 % per h (Table 15). This was significantly different from CAMCP CARCP 
CAMHE and CARHE. We observed no difference between the rate of disappearance of 
the B fraction of CAMCP, CARCP, CAMHE and CARHE. 
Glucosinolates concentration of in vitro incubation of camelina meals 
In our analysis of glucosinolates concentrations in the supernant from camelina 
meal in vitro incubation, we tested for sinigrin (SIN), glucobrassicin (GBS), (8-
Methylsulfinyl)octylglucosinolate (GS8),  glucoarabin (GS9), glucocamelinin (GS10),  
and (11-Methylsulfinyl)undecylglucosinolate (GS11) release at 0, 4, 6, 12, 24, 48 and 96 
h.  Sinigrin, GBS and GS8 concentrations were negligible in the meal and supernatant 
and, therefore, data on them were not analyzed. Beyond 12 h, GS9, GS10 and GS11 were 
also negligible in the supernatant and, therefore, only data collected at 0, 4, 6, and 12 h 
were analyzed. These three glucosinolates are characteristic of camelina, with GS10 
reportedly being predominant (Matthäusa and Zubr, 2000; Schuster and Friedt, 1998).  
Extraction method had no effect on GS9, GS10 and GS11 release of either cold-
pressed or solvent extracted camelina (Table 16). 
Glucosinolate concentration of in vitro incubation of carinata meals 
In our in vitro glucosinolates analysis of carinata, we tested progoitrin (PRO), 
sinigrin (SIN), glucobrassicin (GBS), gluconapin (GNA), 4-Hydroxyglucobrassicin (4-
OH) neoglucobrassicin (NEO), and gluconasturtiina (NAS) release at 0, 4, 6, 12, 24, 48 
and 96 h (Table 17 and  18). 
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According to Oerlemans et al. (2006) and Jensen et al. (1995), 4-hydroxyglucobrassicin 
is the most readily destroyed glucosinolate, especially at temperatures of 100º C but we 
discovered that heat treatment during the hexane extraction resulted in effects similar to 
those we observed for PRO, SIN, GBS, NEO and NAS. With the exception of GNA, we 
observed no significant effect (P < 0.05) of extraction method on glucosinolate 
concentrations in supernatant of in vitro incubations of carinata meals. An extraction 
method by time interaction effect (P = 0.03) on GNA release was noted, but no effect of 
either extraction method (P = 0.25) or time (P = 0.4) alone was observed At 96 h of 
incubation, GNA concentration was greater (P < 0.05) than that observed for the first 6 
time points in incubations of cold-pressed carinata. No difference in GNA released in 
solvent extracted carinata was noted. Gluconapin is one of the glucosinolates responsible 
for the bitter taste of feed and may hamper the overall usefulness of carinata meals. 
VFA release from several oilseed meals in vitro 
For each oilseed, a total of 6 VFAs released in the supernatant were analyzed. 
These include acetate, propionate, isobutyrate, butyrate, isovalerate and valerate. The 
analysis as previously described includes oilseed, extraction method, time and the 
interaction among them. P values are reported in Table 19. 
Time affected concentrations of all VFA analysed (P < 0.01). In all instances, the 
highest concentration of each VFA was observed at 96 h which is likely due to buildup 
and lack of passage out of the in vitro vessels as would occur in the rumen. 
Flax seed meals produced the greatest concentration of propionate (12.3 mM; 
0.04) and there was no difference between the propionate concentration observed for  
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camelina (10.1 mM) and carinata (9.4 mM) oilseed meals. Camelina meals produced the 
greatest amount of valerate (1.2 mM; P = 0.01) during the 96 h incubation period. 
Valerate concentration did not differ (P = 0.21) between carinata (0.62 mM) and flaxseed 
(0.83 mM). 
Oilseed meal by time interactions affected (P = 0.04)  butyrate and valerate 
release but not that of acetate, propionate, isobutyrate and isovalerate. There were no 
effects of extraction method, or interactions of oilseed by extraction method, extraction 
method by time, or oilseed by extraction method by time. 
Time was the only factor affecting (P= 0.001) the total amount of VFA produced. 
Incubation for 0, 4, 6 and 12 h resulted in similar effect on total VFA concentrations but 
these were lower than for the 24, 48 and 96 h incubations. The latter set of incubation 
time points was not different from each other. 
Exp. 2 
DM degradability characteristics in situ 
No differences (P = 0.54) in the immediately soluble DM fraction A of CAMCP 
and FSHE in situ were noted. The portion of DM solubilized at initiation of incubation of 
these two extraction method differed (P = 0.01) among CARCP, FSSCP, CAMHE and 
CARHE (Table 20). Extraction method had an effect (P = 0.01) on soluble DM fraction 
A within oilseed types. Across oilseed type and extraction method, CARCP (78.0%) 
produced the greatest immediately soluble DM fraction A (P = 0.01), whereas CAMCP 
and FSHE produced the least immediately soluble DM fraction. The relatively high 
readily degradable DM fraction of the carinata meals can possibly be attributed to the 
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state of the meal. This meal had finer feed particles which perhaps led to overestimation 
of ruminal degradation. Grind size has been shown to affect in situ degradability results 
(Damiran et al., 2002). We also observed differences in the solubility of DM among 
similar oilseed types processed under different extraction method. 
There were differences (P = 0.01) in potential DM degradability (B fraction) due 
to extraction method. Differences were also observed across oilseed types. At 21.0%, 
CARCP had the least potentially degradable DM fraction. A 6.5% increase was observed 
when the same oilseed was subject to solvent extraction. Hexane extracted camelina 
produced the greatest potentially degradable DM fraction due to the low soluble fraction, 
with a similar 6.5% decrease in the disappearance of the potential degradable portion 
when the same oilseed was cold-pressed. This increase in disappearance of the potentially 
degradable DM portion due to solvent extraction is observed in flaxseed as well. 
Within oilseed, there were significant differences in the rate of disappearance of 
DM B fraction, which increased when camelina and flaxseed oilseeds were cold-pressed 
and decreased when carinata was cold-pressed compared to solvent extraction. There 
were no significant differences among CAMCP, FSSCP and CARHE. At 6% h
-1
, CARCP 
differed in rate of disappearance of fraction B from all other oilseeds except CAMHE. 
CP degradability characteristics in situ 
Consistent with the portion of DM solubilized at initiation of incubation, CARCP 
had the highest readily degradable CP fraction which was significantly different than any 
of the other oilseed meals (Table 20). Extraction method had no effect on the 
disappearance of CP fraction A of camelina meal but differences among carinata and 
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flaxseed meals were observed (oilseed by extraction method interaction, P < 0.05). The 
readily degradable CP fraction of CAMCP differed from that of CARCP, FSSCP, 
CARHE and FSSE, but not CAMHE. At 50.5 %, FSSCP had a readily degradable CP 
fraction that did not compare with any of the other oilseed meals. The readily degradable 
CP fraction of CARHE was also different from other meals. Manufacturing flaxseed meal 
by solvent extraction, however, produced a similar CP fraction A as CAMHE. 
There were differences (P = 0.01) in potential CP degradability (fraction B) due to 
extraction method. Within oilseed, extraction method had an effect on the potential CP 
degradable fraction with solvent extraction method resulting in greater B fractions that 
cold-pressing. Across oilseed and extraction method, the potentially degradable CP 
portion of CAMCP was not different from FSHE. FSHE further compares with CAMHE 
but differs from CARCP, FSSCP and CARHE by 62, 32 and 49%, respectively. 
Solvent extraction of carinata meal produced the meal with the greatest rate of 
disappearance of CP among the evaluated oilseed meals. The rate of disappearance of CP 
of CAMCP did not differ with CARCP and FSSCP. The rate of disappearance of CP B 
fraction of CARCP was not different from CAMH, CARHE and FSHE. In contrast to our 
results, research conducted in soybean meal has shown  heat treatment to result in 
denaturation that lead to less protein susceptible to microbial degradation with an 
ultimate reduction in ruminal degradation (Castro et al., 2007; Wallace, 1994). However, 
other researchers have observed no differences in protein degradation fractions between 
solvent and cold-pressed soybean meals (Awawdeh et al., 2007). Mjoun et al. (2010) also 
found no difference in the rapidly degradable fraction of CP and the potentially 
degradable fraction of CP of solvent extracted and cold-pressed soybean meal. We noted 
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similar observations between cold-pressed and hexane extracted carinata meals but not 





Our data suggest extraction method has no effect on GS9, GS10 and GS11 
concentrations in supernatant of in vitro incubations of either cold-pressed or solvent 
extracted camelina. The recommended method of extraction is therefore the one that 
could lead to the production of meals with the greatest CP or OM disappearance or both. 
  With the exception of GNA, extraction method has no effect on glucosinolate 
concentration in the supernatant when carinata meals are incubated in vitro. Given that 
extraction method did not affect GNA released in cold-pressed carinata meals, research 
into carinata varieties with lesser GNA could prove to be useful. Gluconapin is one of the 
glucosinolates responsible for the bitterness of feed, and may affect the overall usefulness 
of carinata meals. 
Our data also showed that extraction method, and interactions of oilseed by 
extraction method, extraction method by time, and oilseed by extraction method by time 
had no effect on VFA concentration in the in vitro supernatant. Flax seed meals produced 
the greatest concentration of propionate and camelina meals produced the greatest 
amount of valerate after the 96 h incubation period. 
Hexane extraction of carinata will lead to meals with the greatest rate of 
disappearance of CP. The rate of disappearance of B fraction of DM will increase when 
camelina and flaxseed oilseeds are cold-pressed and decreased when carinata is cold-
pressed.  
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Cold-pressing carinata will lead to the least potentially degradable DM fraction. 
Hexane extraction of camelina will produce meals with the greatest potentially 
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Table 12. Chemical composition of oilseeds (% DM basis) used in this study 
Parameters 
Oilseed 
CAMCP CARCP FSCP CAMHE CARHE FSSE 
DM, % 90.2 90.7 89.5 92.1 94.0 88.8 
CP, % 41.2 43.1 37.2 40.3 46.9 38.9 
CAMCP = Cold-pressed camelina. CARCP = Cold-pressed carinata. FSCP = Cold-
pressed flaxseed. CAMHE = Hexane extracted camelina. CARHE = Hexane extracted 
carinata. FSHE = Hexane extracted flaxseed.   
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 µmol/g CAMCP CAMHE CARCP CARHE FSCP FSHE 
PRO 0.0 0 1.4 1.1 0.0 0.0 
SIN 0.0 0.0 132.7 106.8 0.0 0.0 
GBS 0.0 0.45 0.4 0.8 0.0 0.0 
CS8 0.0 0.4 0 0 0.0 0.0 
GS9 10.7 7.6 0 0 0.0 0.0 
GS10 27.5 20.8 0 0 0.0 0.0 
GS11 4.6 3.9 0 0 0.0 0.0 
GNA 0.0 0 1.2 1.1 0.0 0.0 
4-OH 0.0 0 6.8 2.2 0.0 0.0 
NEO 0.0 0 4.7 1.2 0.0 0.0 
NAS 0.0 0 0 0.6 0.0 0.0 
a
CAMCP = cold-pressed camelina. CARCP = cold-pressed carinata. FSCP = cold-
pressed flaxseed. CAMHE = hexane extracted camelina. CARHE = hexane extracted 
carinata. FSHE = hexane extracted flaxseed.  
b
PRO = Progoitrin. SIN = Sinigrin. GBS = Glucobrassicin. GNA = Gluconapin. 4-OH = 
4-Hydroxyglucobrassicin. GS8 = (8-Methylsulfinyl)octylglucosinolate. NEO = 
Neoglucobrassicin. NAS = Gluconasturtiin. GS9 = Glucoarabin. GS10 = Glucocamelinin. 










Table 14. Probability values for effects of oilseed and extraction method on in 













   
A, % 0.001 0.05 0.19 
B, % 0.001 0.03 0.87 
Rate of disappearance of B, h
-1
 0.12 0.05 0.12 
    CP fractions  
   
A, % 0.001 0.002 0.08 
B, % 0.002 0.002 0.03
1
 
Rate of disappearance of B, h
-1




Oilseed evaluated = Cold-pressed camelina, carinata and flax seed meals and Hexane 
extracted camelina, carinata and flaxseed meals.  
1
Means separated in another table. 
A = portion of DM or CP solubilized at initiation of incubation (time 0). B = the fraction 




Table 15.  Effect of extraction method on CP ruminal disappearance fractions in vitro of 
camelina (CAM), carinata (CAR) and flaxseed (FS) meals processed by hexane extraction 








































 0.9   
abc
Means with differing superscript are significantly different from each other (P ≤ 0.05).  
1
CAMCP = cold-pressed camelina. CARCP = cold-pressed carinata. FSCP = cold-pressed 
flaxseed. CAMHE = hexane extracted camelina. CARHE = hexane extracted carinata. FSHE = 
hexane extracted flaxseed. 
B = the fraction of DM or CP potentially degradable in the rumen 
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Table 16. Effects of extraction method on glucosinolate concentrations in 
supernatant from in vitro incubation of camelina meal over time 
Oilseed 
Incubation period, h 
SEM 
P-
value 0 4 6 12 
  ---------Glucosinolate concentration , mM----- 
  CAMHE 
     
 GS9 0.06 0.07 0.06 0.01 0.02 0.74 
GS10 0.15 0.19 0.14 0.02 0.05 0.08 
GS11 0.03 0.03 0.01 0.0 0.01 0.50 
 
CAMCP 
      GS9 0.06 0.06 0.08 0.06 0.02 0.74 
GS10 0.16 0.14 0.17 0.01 0.05 0.08 
GS11 0.03 0.02 0.03 0.01 0.01 0.50 
GS9 = Glucoarabin. GS10 = Glucocamelinin. GS11= (11-
Methylsulfinyl)undecylglucosinolate 
CARCP = cold-pressed carinata. CARHE = hexane extracted carinata   
89 
Table 17. Effect of extraction method on glucosinolate concentration in supernatant 
from in vitro incubation of carinata meal over time 
Oilseed 
Incubation period, h 
SEM 
0 4 6 12 24 48 96 
 
---------------------- Glucosinolatesconcentration, mM ------------------ 
 CARHE 
        PRO 0.0112 0.0052 0.0113 0.0101 0.0079 0.0 0.0 0.004 
SIN 0.8295 0.4638 1.2822 1.1576 0.8337 0.0124 0.0008 0.29 
GBS 0.0062 0.0058 0.008 0.0025 0.0309 0.0044 0.0001 0.004 
GNA 0.009 0.005 0.013 0.016 0.009 0.003 0.0 0.006 
OH 0.0201 0.0069 0.0198 0.0150 0.0111 0.0001 0.0003 0.0076 
NEO 0.0144 0.0095 0.0260 0.0215 0.0175 0.0089 0.0003 0.0056 
NAS 0.0049 0.0 0.0039 0.0033 0.0017 0.0 0.0 0.0019 
 
    
   
 
CARCP 
   PRO 0.002 0.001 0.0 0.0 0.0 0.002 0.0 0.004 
SIN 0.0 0.002 0.001 0.0 0.0 0.0 0.0 0.29 
GBS 0.0 0.0001 0.00 0.011 0.0 0.0 0.0 0.004 
GNA* 0.00012 0.0 0.0 0.0 0.0 0.0 0.02917 0.006 
OH 0.0 0.0 0.0033 0.0 0.0 0.0 0.0127 0.0076 
NEO 0.0018 0.0003 0.0 0.0 0.0 0.0 0.0 0.0056 
NAS 0.0007 0.0003 0.0 0.0 0.0 0.0 0.0 0.0019 
* Showed significant process by time interaction effect. 
CARCP = Cold-pressed carinata. CARHE = Hexane extracted carinata. PRO = 
Progoitrin. SIN = Sinigrin. GBS = Glucobrassicin. GNA = Gluconapin. 4-OH = 4-




Table 18. Effect of extraction method on Gluconapin (GNA) concentration in in 
vitro supernatant from carinata meals incubated over 96 h. 
Oilseed 
Incubation period, h 
SEM 
0 4 6 12 24 48 96 
 
---------------------- Glucosinolates concentration, mM -------- 
 CARHE 0.009 0.005 0.013 0.016 0.009 0.003 0.00 0.0056 
















Means in a row with differing superscript are different from each other (P ≤ 
0.05).  
CARCP = Cold-pressed carinata. CARHE = Hexane extracted carinata 
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Table 19. Effect of extraction method on VFA
1
 concentrations for camelina, carinata and 
flaxseed meals after 96 h of in vitro incubation. 
Effect 
Acetate Propionate Isobutyrate Butyrate Isovalerate Valerate Total 
-------------------------------- P value ----------------------------- 
Oilseed 0.16 0.03 0.87 0.52 0.13 0.001 0.23 
Method 0.73 0.81 0.25 0.29 0.76 0.93 0.80 
Oilseed* 
method 
0.67 0.17 0.89 0.58 0.72 0.65 0.67 
Time <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
Oilseed*time 0.60 0.19 0.72 0.04 0.80 0.04 0.59 
Method *time 0.22 0.69 0.94 0.38 0.52 0.07 0.27 
Oilseed*method 
Method*time 
0.33 0.17 0.95 0.63 0.93 1.00 0.46 
1
VFA = Volatile fatty acids  
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Table 20. Effect of oilseed and extraction method on DM and CP ruminal disappearance 






CAMCP CARCP FSCP CAMHE CARHE FSHE 
DM fractions 
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Means in a row with differing superscript are significantly different from each other (P ≤ 
0.05).  
1
CAMCP = Cold-pressed camelina. CARCP = Cold-pressed carinata. FSCP = Cold-
pressed flaxseed. CAMHE = Hexane extracted camelina. CARHE = Hexane extracted 
carinata. FSHE = Hexane extracted flaxseed. 
A = portion of DM or CP solubilized at initiation of incubation (time 0). B = the fraction of 









Fig. 3. Concentration of VFA in supernatant from in vitro incubations of oilseed meals 
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